Abstract. The spectral design and fabrication of cooled (7K) mid-infrared dichroic beamsplitters and bandpass filter coatings for the MIRI spectrometer and imager are described. Design methods to achieve the spectral performance and coating materials are discussed.
Introduction
The Mid-Infrared Instrument (MIRI) [1] is a cooled (7K) thermal-infrared imager and medium resolution spectrometer being developed for launch on the JWST (James Webb Space Telescope) in 2013 by an international consortium of European partners sponsored by the European Space Agency, the Jet Propulsion Laboratory and an international science team. The University of Reading is responsible for the design and fabrication of the long-wave pass dichroic beamsplitters in the spectrometer sub-system (5-29µm) together with a set of bandpass filters (13-29µm), and chronographic filter (23µm) for the wide-field imaging camera.
The spectrometer sub-system in Figure 1 contains four channels (1-4x) which spectrally multiplex the incoming radiation. The incident ray bundles are divided between channels using an arrangement of three sets of dichroic beamsplitters (1-3) combined in series along the optical trains. The four channels, with overlapping wavelengths are each split into three wavelength ranges (a-c) to provide the resolving power on the available (Si:As) detector arrays. The splitting of the wavelengths within each channel in Table 1 is achieved using three separate sets of dichroics and diffraction gratings, mounted on two wheels. The spectral design specifications [2] of the dichroic beamsplitters required compliance of reflective and transmissive bands at a temperature of 7K in an illuminated converging cone of f/37 and tilt angle of 10 degrees. The coatings were deposited on to 21mm diameter x 5.0mm thick optical grade CVD cadmium telluride (CdTe) substrates to provide the longest non-hygroscopic passband transparency (~30µm) and durability. Short wavelength blocking required interference rejection levels of <10 -4 for the cumulative optical train for all wavelengths shorter than the limit placed on the reflective shortest wavelength band. To achieve a high image performance, the optical metrology and surface quality required transmitted and reflective wavefront errors (WFE) and parallelism to be <λ/10 peak-valley at the shortest wavelength transmitted (or reflected) bands, and maximum wedge angle of <1 arcmin. To maintain these tolerances, careful consideration of disposition of multilayer designs was necessary to minimize thickness differences between surfaces and equalize stress to avoid distortion. The environmental requirements included durability to survive cryogenic cooling with no evidence of stress fracturing, and compliance to the general provisions of MIL-F-48616 including repeated thermal cycling between 300K and 77K. The highest deposition coating quality, possessing a minimum of scattering sites caused by surface roughness or spatter seeds was required together with spectral stability for an operational period of 10 years.
Coating Design and Materials
The multilayer design approach to achieve the high broad transparency and reflectivity bands was by refinement of Tchebysheff equi-ripple [3] long-wave pass edge filters. With a high index contrast, these designs possess a wide shortwave rejection stop-band, providing high reflectivity which together with appropriate thickness and index matching, give wide passband transparency. A series of broadband antireflection coatings (4.5-30µm) were further developed to minimize reflections from the rear surface. It was necessary to encompass the complete range of reflective and transmissive wavelengths of each channel to minimize ghosting artifacts resulting from rear surface reflections. Each layer was of unique non-quarterwave fractional thickness to minimize passband ripple amplitude.
Layer materials available in the mid-infrared that can be deposited on CdTe with high durability and optical performance are limited, particularly where transparency is required at far-infrared wavelengths (>20µm). Lead Telluride (PbTe) and/or Germanium (Ge) alternated with II-VI group dielectrics dominate the materials selection due to their high molecular weights and wide electronic band-gap. PbTe (H-layer, n~5.85) in combination with CdSe (Llayer, n~2.34) was selected as the most appropriate durable layer material combination for the longer wavelength passbands (1c-3c) particularly as the high refractive index contrast together with long-wave semiconductor absorption edge assist to minimize the structural thickness and number of layers. However, as the 1a-1b dichroics required shortwave reflection bands within the PbTe semiconductor absorption region, a set of Ge/CdSe broad passband multilayers were developed for this region. The rear surface antireflection coating comprised alternate layers of Ge/CdSe for dichroics 1a & 1b and PbTe/CdSe for 1c-3c. This structure was overcoated with a low-index (n~ 1.35) BaF 2 layer to assist the refractive index matching and provide a broad antireflection bandwidth response in thin film form. The BaF 2 layer was environmentally protected within the multilayer by additional CdSe overcoating.
Fabrication and Measurements
Fabrication of the dichroics (Figs. 2-4 ) and imager filters (Fig. 6 ) was performed by vacuum deposition using a modified Balzers BA510 evaporator fitted with tooling of our historic in-house design. This tooling is unique comprising stationary substrates and rotating thermal evaporation sources to provide a temperature stable platform with in situ optical reflectance monitoring previously described elsewhere [4] . Spectral measurements were performed in a PE2000 Optica FTIR spectrometer with cooled transmission measured through a helium cryostat fitted with KRS-5 windows. Reflectivity measurements at RT were verified at 7K by spectral modeling using optical constants. 
MIRI Imager Bandpass Filters
Bandpass filters for the MIRIM imager module (IM06-08) comprised combinations of long and shortwave pass edge filters fabricated using PbTe/CdSe with overlapping rejection stop-bands to provide continuous wavelength blocking.
Rejection levels of <3x10 -4 were required for each channel to coincide with the photo-absorption edge of PbTe at ~5.5µm, and multiphonon absorption of ZnSe (IM06), and CdTe (IM07-08) at 22µm and 32.5µm respectively. Filter IM09 comprised a longwave pass blocking filter with 29µm cut-off wavelength described by the detector response. 5.0 Conclusions The spectral design, manufacture and testing of the JWST MIRI dichroic beamsplitters and filters have been described, together with the choice of substrate and coating materials. The completed filters have been fully accepted in compliance with the specified instrument requirements and are being assembled for integration and launch.
